Expression of the C. elegans labial orthologue ceh-13 during male tail morphogenesis  by Stoyanov, Charles-Nicolas et al.
Expression of the C. elegans labial orthologue ceh-13
during male tail morphogenesis
Charles-Nicolas Stoyanov,a Martin Fleischmann,a Yo Suzuki,b Natacha Tapparel,a
Franc¸ois Gautron,a Adrian Streit,a,1 William B. Wood,b and Fritz Mu¨llera,*
a Institute of Zoology, University of Fribourg, Pe´rolles, 1700 Fribourg, Switzerland
b Department of Molecular, Cellular and Developmental Biology, University of Colorado, Boulder, CO 80309-0347, USA
Received for publication 19 November 2002, revised 26 February 2003, accepted 26 February 2003
Abstract
Hox genes are transcriptional regulators of metazoan body regionalization along the anteroposterior axis that act by specifying positional
identity in differentiating cells. ceh-13, the labial orthologue in Caenorhabditis elegans, is expressed both during embryogenesis and post-
embryonic development. Using GFP reporter analysis and immunocytochemistry, we discovered a spatiotemporal pattern of gene expression
in the male tail during the L3 and L4 larval stages that is TGF- pathway-dependent. Analysis of reporter activity in transgenic animals
identified a distinct promoter region driving male tail-specific ceh-13 expression. We also report the interspecies conservation of sequence
motifs within this region and speculate that, in the course of evolutionary diversification, ceh-13 may have acquired new functionality while
conserving its homeotic role.
© 2003 Elsevier Science (USA). All rights reserved.
Introduction
Homeotic (Hox) genes, a subclass of homeobox-contain-
ing genes, encode key helix–turn–helix transcription factors
involved in patterning along the anterior–posterior body
axis of metazoans (Duboule and Morata, 1994; Gehring et
al., 1994). ceh-13, the labial orthologue in the free living
soil nematode Caenorhabditis elegans, is a member of a
loose four-gene cluster on chromosome III, comprising also
homologues of Antennapedia, Deformed, and Abdominal B
(Bu¨rglin and Ruvkun, 1993; Schaller et al., 1990). Two
more AbdB-class homologues, php-3 and nob-1, are present
on the same chromosome at a remote location (Van Auken
et al., 2000). Ceh-13 expression first takes place in the
intestinal precursor cell Ep at the 26-cell stage (Wittmann et
al., 1997), e.g., prior to gastrulation, and persists throughout
the life span of the animal in several cells.
In contrast to the other members of the C. elegans Hox
cluster, ceh-13 appears to be essential for embryonic devel-
opment. The Ceh-13 null mutant phenotype is characterized
by embryonic lethality (97% penetrance), and among the
survivors, variable abnormal morphology [Vab phenotype;
anterior malformations in first-larval-stage (L1) animals and
thereafter] and various other morphological and functional
abnormalities (Brunschwig et al., 1999; Kenyon et al.,
1997). The phenotypic characterization of ceh-13(sw1) that
was reported so far (Brunschwig et al., 1999) was restricted
to hermaphrodites. In this report, we expand that phenotypic
analysis to males, and we show that, in spite of its highly
regulated expression in specific cells of the male copulatory
apparatus (see below), ceh-13 is dispensable for the proper
formation and function of this structure.
The genetic events involved in regulation of Hox genes
have been investigated by promoter dissection and func-
tional analysis (McGhee and Krause, 1997). For ceh-13, a
discrete 3.4-kb intergenic region 3.2 kb upstream of the
translation initiation codon has been shown to contain cis-
regulatory elements required for the correct embryonic ex-
pression of the gene. A 740-bp subfragment driving a re-
porter gene reproduced the native protein expression pattern
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during early embryogenesis and also exhibited Wnt/WG
responsiveness. A different, 450-bp subfragment drove re-
porter expression in dorsal body wall muscle and prospec-
tive ventral nerve cord cells during the comma stage via a
canonical LAB/EXD-like autoregulatory element (Streit et
al., 2002).
Hox genes play an essential role as determinants of cell
fate and identity in the C. elegans male tail (Chow and
Emmons, 1994). The fan-shaped copulatory organ at the
end of the tail includes neurons, muscles, and hypodermal
adaptations, providing sensory and structural support for
mating. Externally, morphology of the male tail is charac-
terized by lateral symmetry and anterior–posterior polarity.
Tail-associated ganglia contain most of the male-specific
neurons (Hodgkin, 1988). Its polarity and intricate morphol-
ogy make the male tail an attractive model for analysis of
morphogenetic events leading to the ordered production of
position-specific body structures. In this report, we show
that the Hox gene ceh-13 is activated during morphogenesis
in the male tail during late larval stages and features a
highly specific pattern of expression, dependent on the
TGF--pathway. Interestingly, this pattern appears to be
determined only after the expressing cells are born. Using
functional tests involving promoter deletions and enhancer
assays, we also show that expression of the gene in the male
tail depends on a particular promoter region comprising
highly conserved sequence motifs in orthologous regions of
two related nematode species, C. briggsae and C. remanei,
and we discuss the possible presence of canonical cis-
regulatory elements in this region. Finally, we speculate on
the putative correlation between evolutionary diversification
of metazoans and the acquisition of new functionalities by
Hox genes, ceh-13 in particular, with conservation of their
homeotic roles.
Materials and methods
Worm culture
C. elegans strains were cultured as described elsewhere
(Brenner, 1974).
In situ immunocytochemistry
In situ immunostaining of worms was performed as de-
scribed elsewhere (Miller and Shakes, 1995), with modifi-
cations (Wittmann et al., 1997). Worms were fixed in 2.5%
formaldehyde. Rabbit anti-CEH-13 polyclonal antibody
was diluted 1:40 to 1:80. FITC-conjugated goat anti-rabbit
IgG was diluted 1:10. Animals were mounted in a 1:1
mixture of 2 mg/ml DAPI in 100 mM Tris (pH 9.5) and
Vectashield (Vector Inc., Burlingame, USA).
Polymerase chain reaction
Analytical PCR was carried our by using Taq DNA
polymerase (Life Technologies AG, Basel, Switzerland)
according to manufacturer’s directions. High-fidelity PCR
was carried out by using a High Fidelity PCR Master Kit
(Roche Diagnostics, Mannheim, Germany) according to
manufacturer’s directions, and products were systematically
sequenced for validation. As a general rule, 30 extension
cycles were performed, adapting annealing temperatures
and extension times to the configuration and lengths of
primers. PCR products were isolated by agarose gel elec-
trophoresis using a QIAEX-II Gel Extraction Kit (Qiagen
GmbH, Hilden, Germany).
GFP reporter constructs
DNA fragments studied were generated by high-fidelity
PCR. Primer sequences are available upon request. The
9835-bp ceh-13 genomic sequence fragment was obtained
by PstI restriction digestion of cosmid R13A5 and cloned in
vector pPD95.69 (Andrew Fire, personal communication).
Reporter constructs used in the enhancer assays were
produced by cloning relevant ceh-13 promoter fragments in
vector pPD107.94 pes-10::gfp, 5 of the minimal promoter.
All other reporter constructs consisted of in-frame fragment
fusions with gfp in vector pPD95.69 (Andrew Fire, personal
communication).
Production of transgenic worm lines
Animals were transformed as described elsewhere
(Mello and Fire, 1995), with modifications. Briefly, an
aqueous solution of plasmid pRF4 carrying the dominant
marker gene rol-6(sul006) (Kramer et al., 1990) at 100
ng/l, and a transgene at 5 ng/l, was microinjected into
each distal gonadal arm of young adult MT2709 rol-
6(e187n1270) hermaphrodites, in the vicinity of the bend.
Worms were allowed to self-fertilize at 20°C, and F1 Rol
progeny were isolated one per plate and screened over two
generations for stable inheritance of the extrachromosomal
array. Transgenic males were produced by crossing with N2
males.
Fig. 1. Male-specific ceh-13 expression in the tail during the L3 stage. (a–d) ceh-13 expression in B, the first expressing cell in the male tail. (a, b) Same
animal, showing (a) Nomarski view and (b) CEH-13::GFP fluorescence: (c, d) same animal, showing (c) anti-CEH-13 antibody immunofluorescence and (d)
DAPI staining. (e–h) Decline of CEH-13 abundance in the B posterior descendant. (e, f) Same animal, showing (e) Nomarski view and (f) CEH-13::GFP
fluorescence; (g, h) same animal, showing (g) anti-CEH-13 antibody immunofluorescence and (h) DAPI staining. (i, j) Nuclear localization of reporter activity
in B.a progeny. Same animal showing (i) Nomarski view and (j) CEH-13::GFP fluorescence. Magnification 1000. a, anterior; B-a,p, anterior, posterior
B daughters; d, dorsal; p; posterior; v, ventral.
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DNA sequence data analysis
Large portions of sequence from different nematode spe-
cies were assessed for homologies by using Dotter version
3, a dot-matrix program with dynamic threshold control
suited for genomic DNA and protein sequence analysis
(Sonnhammer and Durbin, 1995), with default settings. The
program is also described at and freely available from http://
www.cgr.ki.se/cgr/groups/sonnhammer/Dotter.html. Motifs
of conserved homology were identified by multiple se-
quence alignment using ClustalW on-line tool (European
Bioinformatics Institute, EMBL, Cambridge, England).
Fig. 2. Male-specific ceh-13 expression in the tail during the L4 stage. Gene expression in the rays. (a, b) Same animal; (a) Nomarski view; (b)
CEH-13::GFP fluorescence. (c, d) Same animal; (c) anti-CEH-13 antibody detection; (d) DAPI staining. Cytoplasmic location of the protein in
structural cells during tail morphogenesis. (e, f) Same animal; (e) Nomarski view; (f) CEH-13::GFP fluorescence. Expression in unidentified proctodeal
cells (a– d). Magnification 1000. n-A, A-type neuron-n; a, anterior; n-B, B-type neuron-n; d; dorsal; n-h, hypodermal cell-n; l, left; P (N), (N)
unidentified proctodeal ceh-13-expressing cell(s); P, posterior; r, right; r-n(n), ray complex-n, (n)non-hypodermal cells; n-st, structural cell-n; v,
ventral.
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Microscopy
Observations at 10-120 magnification were performed
on a dissecting microscope (Olympus Optical Co., Ltd.,
Japan) equipped for epifluorescence, i.e., a UV source and
450-490 nm incident excitation/510 nm cut-off/515 nm low-
pass filter set for FITC/gfp; 365 nm incident excitation/395
nm cut-off/397 nm low-pass filter set for DAPI. All other
observations were carried out at 200-1000 magnification
on Leica DM RXA or Zeiss Axioplan devices equipped for
GFP epifluorescence and Nomarski differential interference
contrast imaging, as well as with a Hamamatsu C5810 color
camera and supporting software. Worms were mounted on
agar-padded slides in a drop of 1% 1-phenoxy-2-propanol in
M9 buffer (Sulston and Hodgkin, 1988).
Results
ceh-13 activity in the male tail of C. elegans
To characterize the dynamics of gene expression in the
male tail during postembryonic development, we performed
immunostaining with a purified polyclonal rabbit anti-
CEH-13 antibody in N2 worms, as well as reporter analysis
using an integrated ceh-13::gfp fusion transgene, containing
approximately 8 kb upstream sequence, the first exon and
intron, and part of the second exon, in a rol-6(n1276e187)II;
swls[rol-6(su1006)  ceh-13::gfp]II strain (Wittmann et
al., 1997). The two detection methods yielded indistinguish-
able results, corroborating the presence of all relevant reg-
ulatory sequences in the GFP reporter construct.
ceh-13 expression during rectal development
The first expression of CEH-13 in the male tail was
detected during the third larval stage (L3) in B, the most
posterior, dorsal rectal blast cell (Emmons and Sternberg,
1997; Sulston et al., 1980). Expression was both cytoplas-
mic and nuclear, and the nuclear expression appeared stron-
ger in the region of the nucleolus (Fig. 1a–d). Upon division
of the B cell, the protein became equally distributed be-
tween the anterior and posterior daughters B.a and B.p,
but subsequently disappeared in B.p (Fig. 1e–h). CEH-13
and CEH-13::GFP expression in B.a was accompanied by
subcellular redistribution of the protein, with an increase in
nuclear and a decrease in cytoplasmic accumulation. After
division of B.a, CEH-13 exhibited exclusive nuclear lo-
calisation in the two daughters B.al and B.ar (Fig. 1i and
j). Also during L3, sex independent expression of CEH-13
in the tail region could be observed in an asymmetric neuron
tentatively identified as Ql.ap (data not shown). In the L4,
several additional unidentified expressing cells were ob-
served (Fig. 2a–d).
ceh-13 expression in the sensory rays
External male tail structures include nine radially pro-
jecting, bilaterally symmetrical pairs of rays embedded in a
cuticular fan. Each ray emerges as a papillus during L4 as a
result of the same stereotypical patterning scheme (Fig. 3)
and consists of one structural cell (st) and two neurons,
defined on the basis of ultrastructure as A-type and B-type,
generated after three divisions of the respective ray precur-
sor cell, Rn. A fourth ray precursor progeny cell (hyp)
becomes syncytial after fusing with either the tail seam (set)
for R1–R5, or with the hypodermal syncytium (hyp7) for
R6–R9. One ray progeny cell, Rn.aap, undergoes pro-
grammed cell death at the beginning of L4. Thus, in early
L4, all cell lineages are complete (Sulston et al., 1980;
Zhang and Emmons, 1995).
Despite the common stereotypical program leading to
their formation, the nine pairs of C. elegans sensory rays are
not identical. They differ in morphology and spatial ar-
rangement, in the ultrastructure of homologous neurons, and
in neurotransmitter phenotypes (Chow and Emmons, 1994;
Lints and Emmons, 1999; Liu and Sternberg, 1995; Sulston
et al., 1975; Suzuki et al., 1999; Zhang and Emmons, 1995).
This specificity relies at least in part on interactions with the
structural cells (Zhang and Emmons, 1995). Mutational
disruption of the specification and cell assembly process
results in ray fusions (Baird et al., 1991; Chow et al., 1995).
Rays differ functionally as well: cell ablation studies have
demonstrated various mechanosensory, chemosensory, and
behavioral anomalies associated with elimination of specific
rays and other male tail structures (Emmons and Sternberg,
1997).
In tests for ceh-13 expression in the sensory rays, ray-
specific CEH-13 and CEH-13::GFP expression was de-
tected shortly after the L3 moult, concomitantly with com-
pletion of the last divisions of the precursor cells. The
protein initially exhibited uniform cytoplasmic distribution,
then rapidly accumulated in the nuclei. On the basis of the
complex patterning and dynamics of expression, two as-
pects of activity could be defined. In the first, ceh-13 was
expressed in the A-type neurons of all rays, although lower
levels were seen in the ventral ray groups 2, 4, and 8 (Fig.
2c). This expression persisted until mid-L4 and was
switched off thereafter except in ray 9 (Fig. 3). Thus, with
the exception of R9A, detectable levels of protein were no
longer present in the A-type neurons by the time of ray
morphogenesis and the emergence of papillae. In the second
aspect, CEH-13 and CEH-13::GFP were specifically ex-
pressed in the dorsal ray groups 5, 7, and 9, where they were
present in all cells after completion of the last division of the
precursor cells (Figs. 2b and 3). Detectable levels of protein
rapidly disappeared from the hypodermal cells in groups 5
and 9 but persisted in the hypodermal cell of 7 until the
beginning of tail retraction. Three other ceh-13-expressing
cells, R(5,7,9).aap, underwent apoptotic cell death shortly
after division of the anterior neuroblasts that generated
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them. Thus, at the beginning of tail retraction, remaining
ceh-13 activity could be observed exclusively in ray groups
5, 7, and 9, i.e., in B-type neurons of 5 and 7, in the A-type
neuron of 9, and in the structural cells of 5, 7, and 9
(summarized in Fig. 3).
Another notable aspect of ceh-13 expression in ray com-
plexes 5, 7, and 9 was its cell-specific regulation. At the
beginning of L4, the highest levels of protein were present
in A- and B-type neurons, intermediate levels in the support
cells, and lowest levels in hypodermal cells. Protein levels
were higher in hyp7 than in hyp5,9 (Fig. 2b–d). Upon tail
retraction, expression in hyp7 was transiently upregulated
and maintained high until mid-L4. At this point, there was
upregulation of expression in st5, 7, and 9 and downregu-
lation in all neuroblasts, as well as in hyp7. During tail
morphogenesis in late L4 and in the course of ray shaping,
significant upregulation of cytoplasmic CEH-13::GFP re-
porter levels occurred in structural cells, particularly around
the papillae (Fig. 2e and f). Dynamics of gene regulation in
the different ray lineages are summarized in Fig. 3.
ceh-13 activity in the male tail depends on dbl-1 pathway
signalling
dbl-1, the C. elegans orthologue of Drosophila decapen-
taplegic (dpp) belongs to the BMP group of the TGF-
superfamily of growth factors. It plays a major role in tissue
specification and patterning by regulating a broad range of
cellular responses, including cell division, survival, growth
and differentiation, and specification of cell fate (Chen et
al., 1996; Hogan, 1996). The DBL-1 signal is conveyed to
the nucleus via a dedicated cascade of factors (Patterson and
Padgett, 2000; Suzuki et al., 1999) that include the serine/
threonine kinases DAF-4 (type-II receptor) and SMA-6
(type-I receptor) as well as a set of cytoplasmic mediators
encoded by sma-2, sma-3 (R-Smads), and sma-4 (Co-
Smad). Depending on the transcriptional regulators that
Smads cooperate with, they can activate or repress tran-
scription, and activation appears to be mediated via modu-
lation of histone acetylase activity (Patterson and Padgett,
2000; Savage et al., 1996; von Bubnoff and Cho, 2001).
dbl-1 loss-of-function mutations result in small body size
(Sma), while dbl-1 overexpression causes increased body
length (Lon) in a dose-dependent manner, probably by sev-
eral mechanisms, including increase of cell size rather than
cell number (Patterson and Padgett, 2000; Suzuki et al.,
1999) and possibly alteration of cuticle composition (Suzuki
et al., 2002). In the male tail, the dbl-1 pathway is active
during execution of the ray sublineages in L3, and Male-
abnormal (Mab) tail morphogenesis phenotypes resulting
from dbl-1 loss-of-function include ray fusions, aberrant
spicule morphology, and cell fate specification defects, such
as incorrect neurotransmitter expression and loss of A-type
neurons (Lints and Emmons, 1999; Suzuki et al., 1999).
Because labial, the Drosophila orthologue of ceh-13, is
regulated by the dpp pathway (Immergluck et al., 1990), we
tested for conservation of this regulation in C. elegans by
crossing four different dbl-1 pathway mutants, with loss-of-
function defects in sma-2, sma-3, sma-4, and dbl-1, respec-
tively, with an integrated ceh-13::gfp reporter strain and
assaying for reporter activity in the male tail.
Fig. 3. Summary of ceh-13 activity in the male tail during the L4 stage. Scheme of ray generation (Sulston et al., 1980), and time- and lineage-specific
expression of CEH-13 and CEH-13::GFP. Bold lines indicate localization of the gene product in particular cells, while line thickness represents a
semiquantitative estimation of its relative abundance. Scale indicates hours after hatching at 20°C. A, A-type neuron; B, B-type neuron; hyp, hypodermal
cell; R-n, ray precursor cell -n; st, structural cell.
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In the sma-4 mutant background (Fig. 4a and b), as well
as in sma-2, sma-3, and dbl-1 backgrounds (data not
shown), reporter expression during the L3 stage was not
seen in either the B cell or its anterior descendants. Be-
cause dbl-1 is involved in identity determination of rays 5,
7, and 9 (Savage et al., 1996), we analyzed the effect of
dbl-1 pathway mutations on ceh-13::gfp reporter expression
during the L4 stage in each of the above pathway mutant
backgrounds. Basal ceh-13 expression in all A-type neurons
remained unaffected, but expression was lost in all the other
cells (compare Figs. 2 and 4). In particular, strong expres-
sion was lost in ray complexes 5, 7, and 9 (Fig. 4c and d,
and data not shown).
ceh-13 activity in postembryonic development depends on
a specific promoter region
The observations of a highly regulated expression of
ceh-13 in the male tail region during postembryonic devel-
opment prompted us to search for molecular mechanisms
involved in its regulation. To this end, we made selective
deletions in the 9835-bp upstream sequence of the GFP
reporter construct used above and observed the effect on
reporter activity in transgenic males. In addition to the
regulatory elements 3.2 kb upstream from the ceh-13 trans-
lation initiation codon that were shown to be required for
correct embryonic expression of ceh-13, a 1199-bp region at
2.1 kb upstream was also identified as important for expres-
sion in postembryonic stages (Streit et al., 2002). Deletion
of all sequences upstream of this region did not alter the
pattern of reporter expression, suggesting that the remaining
sequence was sufficient to drive correct spatial and temporal
gene expression in the male tail during late larval stages.
Further successive small deletions in the 5 and 3 regions
of the 1199-bp sequence resulted in the identification of a
271-bp enhancer subfragment, extending from 2604 to 2334
bp upstream of the ceh-13 translation initiation codon (see
Fig. 5a), which was necessary and sufficient to reproduce
wild-type reporter expression pattern in the male tail during
larval development (data not shown).
To further delimit possible elements relevant to enhancer
activity of the 271-bp sequence, we arbitrarily divided it
into three partly overlapping subfragments of approximately
equal length and examined the effects of all possible com-
Fig. 4. dbl-1 pathway dependence of ceh-13 expression in the male tail. Absence of ceh-13 expression in sma-4 background during the mid L3 stage. (a, b):
Same animals; (a) Nomarski view; (b) GFP fluorescence. Differential ceh-13 expression in dbl-1 background during the L4 stage. (c, d) Same animals; (c)
Nomarski view; (d) GFP fluorescence. The gene product is present exclusively in A-type neurons. Magnification 1000. n-A, A-type neuron-n; a, anterior;
B, the B neuroblast; d, dorsal; p, posterior; v, ventral.
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binations of these on reporter expression in the context of
the whole 9835-bp noncoding genomic sequence. To this
end, we substituted each sequence stretch and combina-
tions thereof for the 1199-bp sequence in the reporter
construct (Fig. 5a) and observed the effect on reporter
activity in the tail region of transgenic males. Although
none of the subfragments alone elicited detectable re-
porter expression in the male tail, fusions of the 110 and
the 102-bp fragments, the 102 and the 105-bp fragments,
but not the 110 and the 105-bp fragments, elicited
detectable reporter activity in the cells of ray complexes
5, 7, and 9 (Fig. 5b and c). Fluorescence intensity was
significantly lower than seen with either the 271 or
the 1199-bp sequence, and was absent from all other cells
in which gene expression during the L4 stage was seen
with constructs containing the 1199-bp sequence. In ad-
dition, levels of CEH-13::GFP in the expressing cells, as
estimated from fluorescence intensity, remained constant
and did not reproduce the dynamic profile depicted in
Fig. 3.
Reporter expression in the male tail is driven by specific
enhancer elements
To identify the sequences specifically endowed with en-
hancing activity and to test for possible cis-regulators lo-
cated outside the 271-bp sequence, we assayed the enhanc-
ing ability of this sequence and its three subfragments in a
heterologous sequence context, by introducing them 5 to a
pes-10 minimal promoter driving a GFP reporter gene (Fig.
6a). The 271-bp fragment reproduced the wild-type pattern
of reporter expression, exclusively in ray complexes 5, 7,
and 9 (Fig. 6b). As in the case of promoter deletions,
variability of the expression correlated inversely to frag-
ment lengths, i.e., the shorter the sequence stretch, the more
variable was the expression pattern. In contrast to the pre-
vious experiments, one of the observed animals exhibited
the characteristic ray fluorescence, elicited by the 102-bp
fragment (Fig. 6c). The effect of three tandem copies of this
fragment, however, consisted in a significantly higher en-
hancing aptitude in terms of both fluorescence intensity
Fig. 5. Functional mapping of postembryonically active ceh-13 promoter elements. (a) Schematic representation of promoter dissection. DNA fragments of
indicated lengths were directionally cloned in place of a 1199-bp promoter segment, 2068 bp upstream of the translation initiation codon, within a 9835-bp
ceh-13 genomic sequence element fused ahead of a GFP reporter, and the expression patterns of the resulting reporter constructs were examined in ray
complexes 5, 7, and 9 during the L4 stage. Numbers in parentheses indicate positions within the ceh-13 promoter in base pairs upstream of the translation
initiation codon. b) Functional activity of the 188-bp fragment. c) Functional activity of the 185-bp fragment. All pictures at 1000 magnification.
Fig. 6. Enhancing activity of ceh-13 promoter fragments. a) Schematic map of enhancer assays. DNA fragments were directionally cloned 5 of a minimal
pes-10 promoter driven GFP reporter, and their time- and space-specific activation ability of the foreign promoter in ray complexes 5, 7, and 9 during the
L4 stage was examined. Numbers in parentheses indicate positions within the ceh-13 promoter in base pairs upstream of the translation initiation codon. (b)
Functional activity of the 271-bp fragment. (c) Functional activity of the 102-bp fragment. In late L4, fluorescence predominantly located in the ray structural
cells. (d) Functional activity of a triple tandem repeat of the 102-bp fragment. All pictures at 1000 magnification.
Fig. 7. Sequence homologies in ceh-13 5 intergenic regions in three nematode species. Five kilobases of the C. elegans ceh-13 upstream intergenic region
(horizontal axes) were dot-plotted against the orthologous regions of (a) C. remanei and (b) C. briggsae (vertical axes), in each case taking the first nucleotide
before the translation initiation codon as a reference point. Points clustered on a diagonal indicate regions of high sequence conservation. Circles indicate
the region of the 1199-bp C. elegans ceh-13 promoter fragment involved in postembryonic expression.
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and penetrance (Fig. 6d). The latter observation also
suggested that the enhancing activity of the fragment is at
least partly independent of the sequence context. This
series of experiments confirmed the relevance of the
102-bp fragment for correct spatiotemporal patterning of
ceh-13 expression in the male tail. Insertion of the other
two subfragments in front of a pes-10 promotor did not
result in a detectable reporter activity (results not shown).
Motifs within the enhancer sequence are conserved
between Caenorhabditis species
The presence of conserved motifs in noncoding regions
can serve as a reliable marker for the identification of
putative regulatory elements (Hardison, 2000; van Lin et al.,
2001). In an effort to find such elements within the identi-
fied enhancer sequences, we compared the coding and up-
stream (12 kb) sequences of C. elegans ceh-13 and its
orthologues in two other related species, C. briggsae (un-
published data; Genome Sequencing Centre, Washington
University, St. Louis, MO, USA) and C. remanei (our un-
published data). Dot-plotting revealed highly similar se-
quence motifs, in particular within the 1199-bp region char-
acterized above (Fig. 7a and b). When the sequences were
aligned using the 3 end of a 29-bp conserved motif 2544 bp
upstream of the C. elegans translation initiation codon,
comparison of the 3 sequences across the 1199-bp region
revealed 11 conserved motifs (Fig. 8), 6 of which were
located within the 271-bp sequence identified in the func-
tional tests described above.
Discussion
In this study, we report the postembryonic expression
pattern of the Hox gene ceh-13 in the tail region of males of
the nematode C. elegans. Using immunocytochemistry and
reporter expression analysis in live transgenic animals as
detection methods, we have established the dynamic profile
of CEH-13 production at single-cell resolution. In the male
tail, ceh-13 was expressed during the L3 stage in the B cell
and some of its descendants. During the L4 stage, expres-
sion took place in the male tail rays, i.e., in all A-type
neurons, and in all cells of ray complexes 5, 7, and 9.
Hox genes are classically thought of as master determi-
nants of metazoan body regionalization along the anterior–
posterior axis through regulation of distinct sets of down-
stream genes and the establishment of positional identity of
differentiating cells (Botas, 1993; Gehring et al., 1994).
Expression of ceh-13 in the B cell concomitantly with the
establishment of the B lineage suggests that the gene may
be involved in conferring lineage identity to daughter cells
despite the lack of obvious male tail phenotypes in surviv-
ing ceh-13 null mutants (see below). On the other hand,
Fig. 8. Comparative sequence analysis. Multiple sequence alignment of the orthologous intergenic regions in C. elegans (Ce), C. briggsae (Cb), and C.
remanei (Cr) taking the 3 end of a 29-bp conserved motif, 2544 bp upstream of the C. elegans ceh-13 translation initiation codon as a reference (arrowhead).
Shown is the region featuring sequence conservation common to the three species. Motifs of homology are highlighted. Boxes span the actual sequence of
DNA fragments depicted in Figs. 5a and 6a, i.e., 110 bp (plain line), 102 bp (dotted line), and 105 bp (dashed line).
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because mab-5 and egl-5 are required for ray identity de-
termination (Emmons and Sternberg, 1997), we examined
the possibility of similar involvement of ceh-13 in the pro-
cess. During the L3, CEH-13 and CEH-13::GFP were ab-
sent from the tail seam, although present in the B lineage.
Also, the protein was absent from ray precursors at the time
of cell divisions yielding the anterior neuroblasts Rn.a and
the posterior hypodermal cells Rn.p. Since ray identities are
thought to be established during the ray precursor stage
(Emmons and Sternberg, 1997; Ferreira et al., 1999; Lints
and Emmons, 1999), ceh-13, in contrast to the other two
Hox genes, does not appear to be involved in ray identity
determination, but rather in ray cell fate specification.
Again, this involvement does not appear to be essential,
based on the following observations.
Using a normalized mating potency assay system de-
scribed elsewhere (Hodgkin, 1983; Liu and Sternberg,
1995), we have found that ceh-13 null mutant males are
fertile. Furthermore, despite the previously characterized
severe developmental phenotype (Brunschwig et al., 1999),
internal and external tail structures displayed wild-type
morphology, in particular ray pairs 5, 7, and 9 (data not
shown). Consequently, the absence of CEH-13 functionality
during the specification of tail sensory structures in the male
does not preclude efficient mating. These observations sug-
gest possible redundancy of Hox genes in male tail pattern-
ing and cell specification.
Our observations of reporter behavior in native and
heterologous sequence contexts indicate a complex reg-
ulation of ceh-13 activity in the male tail. The 102-bp
fragment appeared to be necessary and sufficient to drive
reporter expression with a foreign promoter in ray com-
plexes 5, 7, and 9. In the native sequence context, how-
ever, it did not suffice alone, but only in association with
either the neighboring 110-bp upstream, or 105-bp down-
stream fragments, indicating the requirement for further
regulatory input from both the truncated sequence and
possibly outside of it. Also, neither the 102-bp fragment
nor the entire 271-bp fragment supported reporter expres-
sion in A-type ray neurons during the L4 stage, either in
the native or the heterologous sequence context, pointing
again to contribution from extraneous regulatory ele-
ments. Taken together, these observations suggest a dis-
crete, rather than unitary, mode of action of this en-
hancer. The existence of conserved sequence motifs in
the 1199-bp segment may indicate the presence of cis-
regulatory elements within it.
In this context, the requirement for Smad pathway
input in male tail ceh-13 expression is intriguing. Strong
ceh-13 expression in the B lineage and in ray complexes
5, 7, and 9 appeared to be Smad pathway-dependent,
while the basal expression in A-type neurons 1–9 did not.
TGF- signals appear to have several effects, including a
role in cellular differentiation (Zhang and Derynck,
1999). In the C. elegans male tail, TGF- pathway-
dependent specification of ray-specific morphology and
dopaminergic identity of A-type neurons in rays 5, 7, and
9 have been reported (Lints and Emmons, 1999). Our
results indicate that ceh-13 expression in a subset of tail
cells during male tail morphogenesis may likewise be an
instance of a cell fate specification process. ceh-13 could
be a direct target of Smad signalling pathway. The fact,
however, that the 102-bp promoter fragment contains no
obvious Smad binding site suggests that ceh-13 expres-
sion in these cells may depend only indirectly on the
dbl-1 signalling pathway.
Only the four spicule socket cells and the DVA neuron
express dbl-1 reporter genes in or posterior to the procto-
deum in the male tail (Suzuki et al., 1999). Mosaic analyses
and laser ablation experiments suggested that dbl-1 expres-
sion in the spicule socket cells is required for normal spicule
development, whereas dbl-1 expression in DVA and in the
socket cells does not appear to function in ray patterning
(Suzuki, 2000).
Hox genes are position-specific developmental
switches. ceh-13 expression in the tail region of the C.
elegans male during postembryonic stages, i.e., after fate
determination in cellular lineages shaping sex-specific
morphology, may seem to depart from this concept. Re-
cent reports suggest that Hox genes may have contributed
to the increase in animal diversity during evolution by
acquiring functionalities extending beyond their canoni-
cal role as positional regulators of cell identity. In Dro-
sophila, a transcriptional repression domain, carboxy-
terminal to the Ultrabithorax homeodomain, has been
identified, demonstrating the acquisition of a new func-
tion of the protein while conserving its homeotic role
(Galant and Carroll, 2002). In a different report, alterna-
tive expression products of the human HOXB6 gene have
been identified in either undifferentiated keratinocytes in
early fetal epidermis, as a homeodomain-truncated ex-
tranuclear protein, or as a full-length, differentiation-
induced nuclear protein in adult skin. Furthermore, none
of the human PBX paralogues exhibited nuclear colocal-
ization with HOXB6 at any stage, suggesting that the
mode of action of the full-length protein may be other
than cooperative DNA binding (Komuves et al., 2000).
Here, we report the upregulation of cytoplasmic levels of
CEH-13 in a specific subset of male tail cells, the struc-
tural cells of rays 5, 7, and 9, occurring during tail
morphogenesis in a narrow time window, an observation
which may be indicative of a similar functional diversi-
fication of the gene. This view is further supported by the
fact that ceh-13 activity in ray complexes 5, 7, and 9 is
driven by a promoter region distinct from that involved in
expression during early embryonic development, possi-
bly reflecting the acquisition of function in the course of
more recent evolutionary stages.
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